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ASTRACT

Two films of prominance spicules have been subjected to
analysis. The gener:l features of spicules described in an
earlier paper by ong of the authors have been confimmed. The
earlier film, taken in December 1943, showed an average ejection
velocity for the spicules of 38 kms./sec.; the later, taken in
February 1946, showed a nearly doubled velocity of 72 kms./sec.
and a higher number of spicules per picture. Strong observa-
tional selection affects the vslocity results. ' e cannot ve
certain that these same velocities apply to the typical small
spicules which appsar with the greatest frequency.
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I.

GENZRAL CHARACTERISTICS OF SPICULES

Mimite spike-like prominences appearing at the very edge of the
sun's chromosphere possess characieristics of behavior which justify
our c assifying thenﬁjs a grouvp of phenomena of special interest.

In an earlier paper -/ one of us called attention to this new class
of solar prominencea which he designated by the name "spicules,"
following the suggestion of Dr. Harlow Shapley. LMost spicules were
very faint and small, but displayed great activity, extremely short
lifetimes, and relatively uniform behavior.

Thus far we have observed ths spicules with the Lyot~-type corona-
graph at C: 'rax only in *he hydrogen line Ha, The spicules noar the
poles of the sun have exhibited the closest confornity of the typical
model of a spicules Near large active prominences of other kinds
spicules s2em elther absant or much more complicated in behavior.
Possibly this is simply a latitude effect: typical spicules generally
cluster nezr the poles, ordinary active prominences are far mwore
abundant in lower latitudes. However, there is no sharp line of
demarkatioa H9tween spicules and small short~lived prominences of
other sorts, nor is the clustering of spicules towards the poles at
all striking. It is true that prominences, in gencral, move mostly
towrard the solar surface or tangentially to it. OSpicules, on the
other hand, generally axhibit radially outward movemants.

To photograph spicules is difficult because of their small
size and their faintness. They aro much easier visual objects in
the coronagraph, but hecause of the eye-strain associated with pro-
longed visual observations we nave not succeeded well in studying
tham quantitatively by visual methods. However, this field should
not be comwpletely neglected. A coronagraph is provably necessary
for successful spiculs studies. Excellent seeing and low sky and
instrumental background intensity are prerejuisites.

From tims to time we have taken films at Climax specifically
for the obsarvation of spicules. All films have been obtained with
the birefringent filter made by Dr. Jonn . =Zvans, designed for a
transmission half-width of about i A.

This paper summarizes some new measures made on i?e film of
12 December 1943 which was used in the earlier paper,*’ zs well as
scme measures on a new film obtained on 21 February 19L6. Both films
were exposed for about two seconds per frame on special 35 mm.
Zastman Kodal £ilm of type 103~Hc. The earlier film contained 236
Plctures taken at a rate of one picture per minute; the later {ilm
nas 365 pictores taken at three pictures por minutz. Both films
were taken under conditions of excellent seeing and atmospheric
transparaency.

The gencral characteristics of spicules described carlizr have
been confirmed. In addition, we have subjected selected spicules to
detailed velocity analysis. Some now statistics of spicule frequency
and directional behavior have also appeared from our present analysis.

1) .. 0. Roberts, Ap. J. 101, 136, 19L5.
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II.

RESULTS FROL FILU OF 12 DECZIBER 19L3.

Miss Erenton's analysis of the film of 12 December 1943 in-
volved the identificaticn of 361 spicules which possessed a mean
lifetime of about 3.8 minutes. Ve define "lifetime" as simply the
length of time during which we can identify a given spicule on the
franes of our films. A spicule seen on one frame only on a one-
frame-per-ninute film is regarded as having a onc minute lifetime.
For films taken at this rate of lifetime in minutes is equal to the
frame count between the frame of firsil appearance and the frame on
which it is clear that the spicule has finally vanished. For short~
lived spicules this count is extremely difficult to establish and
has a large probable error compared with the lifetims of the spicule
involved. Figure 1 displays the resulis of Kiss Brenton's mcasures
of the number of spicules possessing given lifetimes. As we go to
shorter lifetimes the number of spicules observed increases very
ragidly. Thus we substantiate the sugpgestion in the earliser paper
that the d-rop in frequency given there for shorter lifetimes was
probably the result of observational selaction. e have also used
a larger sample and more painstaking observations in the present
study. Also, we have confirmed the earlier suggsstion that the double
maximm on the freguency histogram of the earlier paper was not
significant. Figure 1 not only shows the very great relative frsquen=-
¢y of the very snort-lived spicules, but also suggests that many more
spicules may agpear bolow the level of sensible detaction on the
films thus far analyzed. ilear the lower lifetime limit the statis—
tics are somewhat unreliable. In particular, the frames showing a
spiculae a2 single time might well be simply frames of somewhat better
sacing ard more precise occultation surrounded by frames of poor or
ordinary seeing: on such gocd frames a somewnat longer—livad spicule
of very small size might have been visible, even though on following
and precsding frames it was not, because of the poorsr seeing and
occultation. By the ©ime another frame of good seeing came along the
spicule might actuwally have faded out. In such a case a lifetime of
one minute might be agsigned to it instead of a preper figure of
three or four mimutes. Also, a number of truly short~lived spicules
night go totally undiscovered on the frames of poorer seeing. The
only solution of sucn problems 1s to teke many wore pictures per
ninuts.

A measure of the importance of the effects of uneven seeing
and occultation is given by the fact that on the frames on which new
spicules were discovered, presumably framas of better than avorags
seeing, an average of 2.6 spicules was found. If the seecing and
occulting were uniform so that the discovery probability remained
equal on all franes and if the spicules were distributed at random
with time, as seems probable, onc vwould have expzcted to find only
1.5 spicules per frame. (Total number cf spicules divided by total
nuber of frazes in film.) Anothor way of expressinz the same fact
is to point out that there were 99 frames ocut of the 236 on which
no spicules were identified for the first time.

The length of the arc of the sun's limb included in thaese
spicule-freguency determinations was about 85°, so that one could
expact, on this film, to discover 0.02 new spicules per degree of
arc per minute of time.
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NUMBER OF SPICULES OBSERVED
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HISTOGRAR SHOWING THE FRugUENCY DISTRIBUTION OF THE
LIrsTIN.S OF SPICULES

L e
e
| e
| -——~’ —
S N ' R . = i
T2 3y L s 6 7 8 9 10 11 12 13 i 1%

LIFGIIY I LOWUTS

FOOURL

-

-

R and

o

pihe)




Ty

T e

e

IiI.

The averagc lifetire for the spicules of this film was 3.3
mimutes, excluding spicules of lifetimes greater than 15 minutes,
which it is perliips logitimate to do in view of the less clearly
typical behavior of these longer-lived spicules. Including all
spicules the average lifetime is still less than four minutes.

Approximately 80% of all spicules were elongated in a direction
classed as radial, rather than oblique or tangential. The mcan life-
times of the remnining prominences which were not radizl was about
sgven minutes, o1 substantially longer than for the more frequent
radially elongatcd spicules.

Twenty~-threa of the spicules were chosen for velocity analysis.
These 23 objects were selected because their images ware large enough
on a sufficient number of frames to allow measures of some reli=-
ability. They wera not, however, typical spiculss. Their mean
height was about 1£,000 kms. which makes them substantially larger
than an averace spicule. Unly about one~fifth of them were classed
as radial. Furthormore, their mean lifetime was about 16 minutes,
or almost five times as long-lived as an average spicule. For the
smaller spicules volocity determinations are far more difficult.

The mean velocity of ascent for these features was about 38 kms.
per second. This figure compares with about 30 lms./sec. which one
of us very roughly estimated in the earlier paper to characterizs a
typical spicules

RISULTS FROL FILL OF 21 FuBRUARY 1946

The second film analyzed had been taken a2t the more suitable
rate of threc pictures par minute, which made possible an improvement
in the frequency stat.istics for the short~lived spicules. All
analysis of this film was carried out by Mrs. Shapley. This film
confimmed the goneral benhavior of the spicules ouserved on the 1943
film. The majority of spicules were less than LOOO kms. in height
at maximum. As in the earlier film, the typical spicule grows up-
ward a¢ a relatively rapid rate, then seems merely to disappear with
rno obvious acticn., The lower portions may return to the chromosphere
or they may simply fade out; it is difficult to differsntiate betwesn
these possibilities on the basis of appearance, though a pearance
favors the facling-out prozess.

The first 50 franes of tuis film were analyzed in cetails On
the average 11 syiculss were visible on a given frame. This is
approximately twvice the audber of spicules per frame seen on the
earlier film. uven casual inspection of the film shows the higher
apparent spicule activity on this film as compared with the carlier
Iilm. lean lifetimes of the s.lcules were not ex.licitdy derived.
Une can esdlmate very roanly from the ditda list that about five
minute 1ifetimes were found for a large number of the spiculese
Hoviever, ac the data wers treated, the spieunles were tabulated on
each frane ard ab cach position angle without rezard to the previous
appearance on precediug frames, 5o that explicit deducticn of the
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average lifetime is impossicle wi'hout further examination of
the original film.

Table I shows the frequency with which the apparent heiphts
of prominences £ell within the given class intervals. Here again
the height is not the maximum height of the spicule, but the
height of all spicules observed 2n all frames without regard to
their agpearance in preceding or following frames. Thusy a
spicule showing as a tiny spot at the limb would be classed in its
discovery frame as a small sgicule, even though in a later state
of development it would be listed in the higher classes. The
number of times a spicule is counted in this table is thus pro-
portional to its lifetime.

’ TABLE 1

Height] o© 1040 | 3690 5530 { 7380] $220|11,070| over
kms. |4 to ™ o to | to

1840 | 3690 | ¢£530) 7 9220 | 11,070| 14,760 | 14,760
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Rumber| 93 296 101. 61 L2 22 26 27

Ten spicules were subjacted to special study. The mean life-
time of the objects chosen for study was 9.3 minutes. All of the
ten were notably conspicuous spicules. The averaze height of these
ten features was about 15,000 kms., or about four times the height
of a typical spicule.

The average velociiy of ascent for these ten conspicuous
spicules was about 72 kns./secc., or approximately double the velocity
average from the carlicr {ilm. If this doubling of velocity of
ejection of the large features is also shared by the smoller and
rore frequont spicules, ac it seems not unreasonable to suppose,
then the result is of great importance. If further studies show
the average velocity and frzquency of the s icules to be correlated
with other indices of solar activity cycle, as thise two films
pight Zcad one to speculate, the result will be ol still creater
interest.

Cnz2 feature of the analysis which app2ars notawertly is the
avsence ot a clesar-cut relation between the velocity of ascent of
the s.lcuios and the nmaxirum heicht which they attain. The seloected
spieul2s studied on ke later £ilm did not reach reater heiphts,
on the avorage, than those of the carlier film in spite of their
substanti dly reator veloclidicss
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FURTHER #ORK Y.icDED

The supply of good spicule films from the Climax coronagraph
between 1943 and 1949 is very limited. Iwo or three others are
available and must be studied, and more spicule films will be taken
at Climax. A substantial number of zood spicule films for 19L9 is
available and these will be analyzed also. They appear to show
still greater activity than the 1946 film.

The Liam Instrument measuring microscopes used for the prominence
analysis are excellently suited for accurate positional measurements,
but are not ideal for prominence studies because the observer cannot
trace directly on paper the objects he sees, nor can he advance the
plctures into accurate register from frame to frame in any simple
automatic manner or at speeds anything like motion picture projection
speeds. These factors impose limitations upon the speed and diversi-
ty of the analysis that can be done on the machines.

A further effort must also be made to study the tyypical spicules
on both of these films, sven though these are much harder to analyse
than the more conspicuocus objects whichi form the basis of the studies
we have reported here. ue would like also tc obtain msasurements of
typical spicules of both {ilms, using identical procedures and
identical observars, in order that effects of porsonal selaction or
other personal eyuation factors can be minimized. fTue main limita-
tion upon further beneficial analysis of ihe 1943 £ilm is its slow
pvicture rata of one frame per minute. This lirils sharply the use—
fulnass of the film for further study of spicule frog:iency or velocity:

ve must also endeavor to evaluate quantitativzly the importance
of the observational selection which ariswe out of the fact that *l.e
number of spiculzs vicible per picture varics shar.ly with the seeing
and vith tha accuracy of the occultation at the .nstant of exposurs.

Particularly iunortant, after we obtain velociticc for a large
number of orcdinary scicules will be the determination for both films
of the frequeucy of spicules per unit tiiie psr unit ave of the limb,
much as has Yeen done for the sarlier filwm by Liss Brenton. The
specific idantification and tysing of the spicules 2 Juud in cha
first f£ilm should also be extended to the second. In the study «
the second film, Liprs. Shapley carried out som2 frame~by-framc sietche
ing of certain spicules. The results of tLis work have not been
reyorted here, bub will be submitted soparately. Slalsiar attenots
to trace ty.i:0l spicules uuch as Mre. Shapley has done iJor tho
larger ones :iould also be attenpted on obher spiculas of both films.

Continucd parsui’. o these suicule wcasuremenis L5 made increas-
ingly importent by currcut devoiopments in ghronesphuric and coronal
theory, such as the paper by Ceiwarsschiild,*’/ some %‘ the popers by
Blermann, Alfven or ti.e iwo papers by 2. i+ Tuomas.- In Thomas'’
paper swperthamic jets off fasas passing throush the airomc.ohare

2pp. d., W7, 1, 194D
B)Ak)- J-, 14.\85 130. ]9;43 and A‘)' Jt; 108’ u-&", }934&
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are considerad as a wechanlsm for supplying the eneryy of the chromo—
sphers and the corona, a:1d as tha scurce of the high ldnetic tenmpora-
tures assumed to charactoarize theee regions.

Sama reference has been made to obscrvations of other small
surge-like or spike-like prominences by othar observers. In s
cases, and in particular in the observations of Bugoslavekay~,
we feel that the particular prcminences analyzed are somewhat
different features from the small faint cbjects we heve intended
to donots by the term spicule.

Bota the spicules and all laiger promirences probably contri-
bute substantially to th2 supply of energy sustaining the corons
and prominances. The overwhelaling predoninarce of apparent outflow
displayed oy the spicules rakes them especially useful in the
theoriaes for the machanicai transport of energy through the
photosphore which arc now bzing doveloped by many theoretical
workers. e therefore hope to publish additional reductions of our
films of these phenomena in the near future.

In conclusion, e wish to express our thanks to the Office of
Naval Research which ha2s finaiced tho research work described here,
and *+o the Dureau of Ordiance of th: hevy Department which has vade
available to tha 0ffice of llavai Rc,-ea.mh tbe Lann Instruments and
observers, and the otuer facilitics of the Computation laboratory
at the Hassachusotts Insuitute directad by Dr. Kopal. The measire-
ments ware carrded out a3 2 part of a study of the development of
improved apparatus for roduction of prazinence films.
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